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Abstract
Purpose: The purpose of this article is to consider how, alongside engineering advancements, noninvasive brain–computer interface (BCI) for augmentative and alternative communication (AAC; BCI-AAC) developments can leverage implementation
science to increase the clinical impact of this technology. We offer the Consolidated
Framework for Implementation Research (CFIR) as a structure to help guide future
BCI-AAC research. Specifically, we discuss CFIR primary domains that include intervention characteristics, the outer and inner settings, the individuals involved in the
intervention, and the process of implementation, alongside pertinent subdomains
including adaptability, cost, patient needs and recourses, implementation climate,
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other personal attributes, and the process of engaging. The authors support their
view with current citations from both the AAC and BCI-AAC fields.
Conclusions: The article aimed to provide thoughtful considerations for how future research may leverage the CFIR to support meaningful BCI-AAC translation
for those with severe physical impairments. We believe that, although significant barriers to BCI-AAC development still exist, incorporating implementation
research may be timely for the field of BCI-AAC and help account for diversity
in end users, navigate implementation obstacles, and support a smooth and efficient translation of BCI-AAC technology. Moreover, the sooner clinicians, individuals who use AAC, their support networks, and engineers collectively improve
BCI-AAC outcomes and the efficiency of translation, the sooner BCI-AAC may become an everyday tool in the AAC arsenal.

N

oninvasive brain–computer interface (BCI) technology for augmentative and alternative communication (AAC), hereinafter referred to as BCI-AAC, is an interface method used to access the language content of an AAC system that does not require surgery. By
providing a link between an individual’s brain activity and the communication device, BCI-AAC may support communication for those
with severe physical impairments by reducing access barriers to AAC
software. For instance, adults with amyotrophic lateral sclerosis (ALS)
or children with cerebral palsy may find currently available methods of AAC access, such as eye gaze or switch scanning, inefficient or
ineffective due to paralysis and fatigue (Beukelman & Light, 2020).
Therefore, new solutions for AAC access, such as BCI-AAC, should be
considered to both augment communication for those with residual
speech abilities, as well as provide an alternative form of communication for those without functional speech communication (Fager et al.,
2019). Unfortunately, significant barriers to BCIAAC implementation
persist, as described within the Noninvasive BCI-AAC section, below.
However, noninvasive BCI-AAC devices are slowly becoming a possibility for adults (Fager et al., 2019), with spelling-based P300-based
BCI-AAC systems being trialed in the homes of those with severe physical impairments (e.g., Wolpaw et al., 2018). Thus, reflecting on how
noninvasive BCI-AAC technology can be developed in a manner suitable to real-world application may be timely in supporting BCIAAC access and participation for those with severe physical impairments. To
this end, our article will outline how the Consolidated Framework for
Implementation Research (CFIR; Damschroder et al., 2009) may be
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leveraged to help bolster multidisciplinary involvement in noninvasive BCI-AAC development, support the real-world integration of BCIAAC technology, and apply BCI-AAC to clinical populations with AAC
access challenges, such as those with ALS and cerebral palsy. Through
this article, we will first provide a short overview of implementation
science and the CFIR. Next, we will distill key elements that clinicians
must understand to implement noninvasive BCI-AAC as an AAC access
option. This effort will lead to a discussion on how the primary elements of the CFIR and relevant subdomains can be harnessed to increase the clinical application of BCI-AAC.
Implementation Science
New research is largely unable to impact meaningful change without
transference to the everyday practice setting, and highly supported
interventions can yield reduced outcomes due to poor implementation (Moir, 2018; R. N. Rosenberg, 2003). At its foundation, implementation science supports the inclusion of multidisciplinary stakeholders in research and development to illuminate how laboratory-based
research can be applied to improve care (Olswang & Prelock, 2015).
Therefore, implementation research, the term used hereon for consistency, can be described as “the scientific study of methods to promote the systematic uptake of clinical research findings and other evidence-based practices into routine practice and, hence, to improve
the quality and effectiveness of health services” (e.g., Eccles & Mittman, 2006; Ogden & Fixsen, 2014). In more detail, implementation research forms an iterative process of improvement cycles following that
the tested change may be modified, expanded, or abandoned based on
real-world findings to help ensure the intervention has a meaningful impact on the intervention setting (e.g., Glasgow et al., 2012; D.
H. Peters et al., 2013). For instance, while different frameworks exist (e.g., Glasgow et al., 2012) an implementation cycle may consist of
plan, do, study, and act phases, during which researchers form their
hypothesis, collect study data, analyze the results, and plan the next
iteration, respectively (Taylor et al., 2014). To drive meaningful improvements, at the heart of this iterative process lies an intimate involvement with intervention stakeholders such as AAC professionals,
individuals who use AAC, and their support network (Glasgow et al.,
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2012; D. H. Peters et al., 2013). To promote this inclusion of stakeholders, implementation research commonly uses mixed-methods research
including both quantitative (e.g., surveys and tools for behavioral assessment), alongside qualitative (e.g., semistructured interviews and
focus groups) techniques (Bauer et al., 2015). Together, these integrative processes allow researchers to be responsive to stakeholder
feedback, helping to ensure that stakeholder-sensitive and fit-for-purpose solutions are developed from the very beginning instead of waiting for late-stage research trials (Glasgow et al., 2012; Kent-Walsh &
Binger, 2018).
Multiple examples are available demonstrating the positive benefit
of implementation research across a variety of areas. In this regard,
Kilbourne et al. (2020) provide a review of various implementation
research success stories. For instance, they described how adapting
a chronic disease self-management program for different diagnoses,
trialing the program with varying modalities (e.g., Internet) and racial/ethnic groups, comparing different training techniques, and partnering with community services increased the national impact of the
self-management program. Closer to the field of communication sciences and disorders, Olswang and Prelock (2015) describe how their
use of mixed-methods research provided valuable information necessary for improving intervention fidelity and translating their intervention aiming to teach communication signals (e.g., eye gaze) to
young children with physical disabilities into a birth-to-3 center. In
more detail, Olswang and Prelock acknowledge difficulties associated
with implementation research such as obtaining research approval,
stakeholder time commitments, and difficulties with research in the
real-world environments. However, they emphasize that incorporating implementation research provided valuable information necessary
for real-world implementation that would have, otherwise, remained
largely concealed, such as details regarding the implementation setting, professional roles, service delivery models currently in use, costeffective procedures, and educational strategies.
Traditionally, a gap in collaboration has existed among BCI-AAC researchers, developers, and AAC stakeholders, ultimately limiting the
functionality of BCI-AAC systems (Huggins & Kovacs, 2018). Thus,
even though BCI-AAC is still in the relatively early stages of development and clinical involvement, the field of implementation research
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provides a thought-provoking avenue to help ensure BCI-AAC development incorporates input from a range of stakeholders. A collaborative approach will help ensure that the engineering and development
side of BCI-AAC is focused on supporting successful participation and
efficient integration into clinical practice. For instance, considering
implementation research can help ensure that BCI-AAC advancements
are clinically helpful to a broad range of populations and that technical terminology is translated into a vernacular accessible to all stakeholders. Furthermore, implementation research can help bridge the
translation gap by guiding the AAC team and BCI-AAC engineers to
evaluate individuals’ participation patterns and needs, along with barriers to the provision of AAC services, and how functional participation can be supported. Thus, through increased collaborative involvement and a focus on real-world applicability, implementation research
may help engage a variety of individuals in BCIAAC, and help ensure
future devices, procedures, and research agendas are designed to facilitate effective use across a range of contexts.
CFIR
As outlined in recent review by Nilsen (2015), various implementation
frameworks exist including those focusing on (a) determinant factors
that influence implementation outcomes (e.g., Damschroder et al.,
2009), (b) the process of implementation (e.g., Meyers et al., 2012),
and (c) factors involved in determining success (e.g., Proctor et al.,
2011). For this article, we will focus on the CFIR (Damschroder et al.,
2009, 2015). The CFIR provides a relevant framework for discussion
as it was recently utilized by Olswang and Prelock (2015) to demonstrate implementation research applications for individuals with severe physical impairments, as described above. In addition, it provides
a good foundation as it aims to consolidate a broad array of implementation research and disseminate findings in a common language
suitable for BCI-AAC development. In further detail, the CFIR highlights five primary implementation domains including (a) intervention characteristics, (b) outer setting, (c) inner setting, (d) characteristics of the individuals involved, and (e) process of implementation,
with each of these primary domains being composed of multiple subdomains for which Damschroder et al. (2009) encourages researchers
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to select constructs most relevant to their application. Therefore, after reviewing important foundations necessary to understand BCIAAC in in the next section, we will provide a thoughtful discussion
regarding how primary CFIR domains and relevant subdomains can
be applied to BCI-AAC.
Noninvasive BCI-AAC
A detailed explanation of noninvasive BCI-AAC methodology and performance is beyond the scope of this article; however, interested readers are referred to Pitt, Brumberg, Burnison, et al. (2019) and Brumberg, Pitt, et al. (2018). In brief, noninvasive BCI-AAC frequently
requires the individual to wear an electroencephalography (EEG) cap,
similar to a swimming cap, which contains recording electrodes. Commonly, gel is applied to create a link between an individual’s scalp and
each recording electrode, though electrodes that do not require gel are
also in development (e.g., Guger et al., 2012). These electrodes record
brain activity, or the summed activity of millions of neurons. Different brain signals are commonly targeted for noninvasive BCI-AAC access; such signals are related either to (a) an individual’s attention to
the specific stimulus they wish to select or (b) their preparation or execution of an attempted or imagined motor movement. For instance,
the P300 is an event-related potential (brain wave) that is associated
with deciding that a presented item is novel. As such, to access AAC
language software via P300-based BCI-AAC, the individual focuses
their attention on a target communication element such as a letter in
a keyboard grid display (i.e., the novel item). At this point, all items
within the grid are rapidly highlighted in a random order. As the individual focuses their attention on a specific target for selection, a positive change occurs in the EEG signal approximately 300 ms after the
target element is highlighted. Following multiple target presentations,
this P300 response triggers selection of the target item, commonly a
letter or symbol, from the BCI-AAC interface (Donchin et al., 2000).
Technical barriers for BCI-AAC still exist that must be overcome
to support clinical implementation. For instance, BCI-AAC performance may vary between different users and from day-to-day (Pitt &
Brumberg, 2021a; Shahriari et al., 2019), with muscular artifacts from
uncontrolled movements or laughter negatively impacting BCI-AAC
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performance (Kögel et al., 2020; Scherer et al., 2015). Furthermore,
in comparison to commercial AAC methods, BCI-AAC generally produces slower communication rates (Brumberg, Pitt, et al., 2018), and
requires increased time for setup (Chavarriaga et al., 2017), in part
due to the common use of wet EEG electrodes that require the application of gel for brain signal recording (Huggins & Kovacs, 2018;
Pitt, Brumberg, Burnison, et al., 2019). Finally, while research aiming to provide BCI-AAC access to children is gaining attention (e.g.,
Kinney-Lang et al., 2020; Pitt, Brumberg, & Pitt, 2019; Zhang et al.,
2019), existing BCI-AAC research is largely focused on providing BCIAAC access to adults with acquired impairments (Brumberg, Pitt, et
al., 2018) given difficulties associated with studying the neurophysiology of children (Huggins et al., 2017). However, even taking existing BCI-AAC limitations into consideration, we believe, as BCI-AAC
begins to enter trials in the home setting for adults (e.g., Wolpaw et
al., 2018), that it remains imperative that stakeholders are encouraged to support the real-world implementation of BCI-AAC advancements across the life span.
Application of the CFIR to BCI-AAC
In the following section, we will discuss future directions for collaborative BCI-AAC development based on the five primary areas of the
CFIR, including (a) intervention characteristics, which describes considerations regarding how BCI-AAC treatment can be designed to be a
good fit across various environments; (b) the outer and (c) inner settings, two highly interrelated and overlapping areas recognizing economic, political, and social contexts; (d) the individuals involved in
the intervention, considering the various people involved; and (e) the
process of implementation, examining factors for moving the intervention into practice. Within each area, a selection of relevant subdomains will be discussed regarding their application to BCI-AAC (see
Figure 1).
Intervention Characteristics
Adaptability. Adaptability refers to how interventions can be adapted/
tailored to meet individual needs and suit a variety of settings (e.g.,
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Figure 1. Possible directions for BCI-AAC research, including, going from left to
right, (a) the primary CFIR domains, which are linked to the CFIR subdomains by
large dashed lines, and (b) discussed areas for BCI-AAC research consideration,
which are connected to CFIR subdomains by small dashed lines. BCI-AAC = brain–
computer interface for augmentative and alternative communication; CFIR = Consolidated Framework for Implementation Research; PROMs = patient-reported outcome measures.

Mendel et al., 2008). AAC interventions currently seek to provide
adaptability by identifying modifications that support the needs of the
individuals both today and tomorrow (Beukelman & Light, 2020). In
relation to BCI-AAC, individuals who may benefit from BCI-AAC techniques demonstrate a dynamic profile due to either maturation, neurodegenerative decline, or, in some cases, recovery. However, BCI-AAC
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may currently be viewed as a last resort access method, which is primarily considered only when paralysis is severe enough to limit access by commercial AAC methods, such as eye gaze (Pitt, Brumberg,
& Pitt, 2019). This restricted view of BCI-AAC implementation likely
places increased burden and anxiety on individuals who use AAC by
requiring them to learn a new AAC system late in the process. Furthermore, system changes that are too abrupt increase the likelihood of
device abandonment (Johnson et al., 2006), creating challenges communicating end-of-life wishes late in the disease course (in the case
of neurodegeneration), impeding the ability to participate in medical decision making (in the case of recovery), or thwarting communication milestones (in the case of developmental delay). Therefore, to
help support continuity and adaptability in AAC access, we value the
importance of evaluating how BCI-AAC designs can adapt to integrate
with conventional AAC systems. Creatively considering the use of BCIAAC to access commercial AAC systems may help support consistent
communication for today and tomorrow across a range of individuals.
For instance, an initial investigation demonstrated promising results
for P300 BCI-AAC access to Tobii Dynavox Communicator 5 software
(Gosmanova et al., 2017), with additional research currently exploring BCI-AAC access to software developed by Prentke Romich Company (Hill et al., 2021).
Furthermore, BCI-AAC techniques also show potential for supporting AAC via switch scanning for adults with ALS (e.g., Pitt & Brumberg, 2021a) and cerebral palsy (Scherer et al., 2015). For instance,
Pitt and Brumberg (2021a) demonstrated the feasibility of selecting
letters from a 7 × 5 keyboard display via brain signals associated with
imagined or attempted movements during row-column scanning for
those with ALS. However, to date, studies have only focused on feasibility for single switch scanning methods.
Taken together, while research is still in the early stages, considering BCI-AAC access to traditional AAC displays may provide an avenue for an individual to maintain access to the same language software across the life span or disease course. The BCI-AAC technique
that may best support continued communication access should be considered on an individual basis (e.g., Pitt & Brumberg, 2018b; see section titled Characteristics of the Individuals Involved, below). However, as an example, an individual who utilizes a switch scanning
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access method via motor movement may wish to transition to a BCIAAC switch that is activated by an attempted or imagined movement
with disease progression, or similar to existing AAC practice, consider beginning timely (early) BCI-AAC training to bolster future AAC
success (Pitt & Brumberg, 2021a). Furthermore, an individual using
eye gaze may wish to transition to P300-based BCI-AAC access based
on their level of impairment and preference. When considering preference, BCI-AAC use incurs a cognitive load (e.g., Pasqualotto et al.,
2015); however, some individuals may find the demands for BCI-AAC
access different to existing AAC methods (Brumberg, Pitt, et al., 2018).
For instance, a case study report revealed that, whereas the individual
with ALS found the auditory-based BCI-AAC tiring due to attentional
demands, it was easier than eye gaze access as it reduced demands
for precise eye movements (Käthner et al., 2015). Likewise, BCI-AAC
may offer a back-up access option to those with stable, chronic conditions who battle fatigue and varying communication needs across the
day. Thus, while further research is needed into how individuals experience fatigue associated with BCIAAC use throughout the day (Pitt
& Brumberg, 2021b), we believe that it is plausible that an individual
may wish to have the option to alter their access methods to a single device throughout the day due to factors such as muscular fatigue
and preference. Finally, current BCI-AAC systems are still largely inflexible due to their primary use as research devices (Allison, 2009).
However, avenues to support adaptability are also being developed
through signal processing advancements that adapt to the individual
(e.g., Shenoy et al., 2006). For instance, an individual’s brain signal
may change between calibration and BCI-AAC use, or during BCI-AAC
use due to factors such as fatigue (Talukdar et al., 2019), ultimately
impairing BCI-AAC performance. Therefore, we believe that continued attention to adaptive BCI-AAC methods “learning” to adjust with
an individual’s changing states may support BCI-AAC outcomes (Fager
et al., 2019; Lotte et al., 2013).
Cost. Cost may be expressed as the economic means to support
implantation, through such avenues as funding and reimbursement
(Nilsen & Bernhardsson, 2019), and is a critical consideration for advancing BCI-AAC research and allowing for real-world implementation. BCI-AAC devices may cost around $20,000 (Huggins & Kovacs,
2018), and although promising and cheaper options may be available,
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more research is needed regarding their suitability for supporting dayto-day communication for those with severe physical impairments
(Debener et al., 2012; Mayaud et al., 2013). Currently, BCI-AAC devices are not covered by insurance (Huggins & Kovacs, 2018); however, we maintain that implementation research demonstrating realworld BCI-AAC functionality and the impacts of BCI-AAC technology
on the lives of adults and children with physical impairments could
help move BCI-AAC toward reimbursement. Furthermore, incorporating the perspectives of individuals who may use BCI-AAC (e.g., B. Peters et al., 2015) and multidisciplinary AAC professionals who have experience in AAC funding in BCI-AAC development may shed new light
on barriers and solutions regarding re-imbursement.
The Outer Setting
Patient needs and resources. This subdomain addresses how patient
needs, as well as barriers to meeting those needs, are known and
prioritized. As the perspectives of BCI-AAC stakeholders are at the
heart of driving implementation (Glasgow et al., 2012), we believe
that considering the communication patterns and needs for an inclusive range of individuals is a crucial first step in guiding how BCIAAC methods can be applied to support functional communication.
This consideration is consistent with user-centered design, which
focuses on how designs can meet the needs and requirements of individuals who may use BCI-AAC (Kübler et al., 2014). In addition,
without initially establishing person- and family-centered goals, it
is difficult to identify functional outcomes for BCI-AAC. Currently,
AAC professionals’ caseloads are commonly composed of a heterogenous spectrum of adults and children with complex communication needs. These unique individuals have a variety of needs to
bolster their quality of life and social participation. Exploring the
participation needs of a range of individuals, including both adults
and children, may, therefore, help elucidate the role of BCI-AAC in
the clinical setting to maximize its overall impact. For instance, successful integration of BCI-AAC into clinical practice requires evaluation of individuals’ natural speech abilities (Beukelman & Light,
2020). Because individuals who use AAC devices may still possess a
level of natural speech ability, we propose that BCIAAC professionals
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should not rule out the applications of BCI-AAC to support or augment the communication efforts of those who may have some natural speech ability. For example, recent studies demonstrate positive
outcomes for P300-based BCI-AAC use by individuals with cervical spinal cord injury (Ikegami et al., 2011), who may retain verbal
abilities but struggle with text input to computer devices (Pouplin
et al., 2016). Similarly, a person with cerebral palsy may have verbal ability sufficient for communicating with familiar communication partners but not with unfamiliar people. Text input to a computer is also important for providing access to e-mail, social media,
and patient portals that may help support individuals’ involvement in
their medical care—especially in an expanding age of telehealth visits (Tohidast et al., 2020)— and online social participation. BCI-AAC
spelling displays may provide text entry to online/social media applications (e.g., Warren & Randolph, 2019); thus, the notion of how
BCI-AAC can bolster the participation for populations who struggle
with communication in certain contexts, even if they retain verbal
abilities, requires continued attention.
Establishing an inventory of needs and wishes for a variety of individuals who may possibly benefit from BCIAAC may also help focus BCI-AAC development and help inform outcome measures (Andresen et al., 2016). A recent special edition from Perspectives of the
ASHA Special Interest Groups titled Putting Research Into Practice
highlighted how the development of patient-reported outcome measures (PROMs) may also help shed light on patient wishes (Yorkston
& Baylor, 2019). More specifically, the use of PROMs is encouraged by
the International Classification of Functioning, Disability and Health
to help us understand a full range of factors surrounding communication disorders and interventions (Yorkston & Baylor, 2019). Such
factors include (a) functioning at the level of the body part, (b) the
whole person, and (c) the whole person within a social context, accounting for both personal and environmental factors (World Health
Organization, 2002). PROMs are an important component in demonstrating the impact of an intervention (Yorkston & Baylor, 2019)
and may help decrease AAC device abandonment by supporting a
match between AAC technology and the wishes, expectations, and
needs of the individual. To date, while a variety of PROMs exist, none
have been developed specifically for AAC (Broomfield et al., 2019);
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moreover, current PROMs do not adequately capture the values of individuals with severe physical impairments (Andresen et al., 2016).
Therefore, to ensure the values of those with severe physical impairments are considered, there is a need for future research to elucidate
what outcomes are most important to those who use AAC. In a BCIAAC context, the development of PROMs is still in the early stages
(Andresen et al., 2016), though the importance of obtaining feedback
from people who use BCIAAC is increasingly documented (e.g., BlainMoraes et al., 2012; Geronimo et al., 2015; Huggins et al., 2011; Kögel
et al., 2020; B. Peters et al., 2015; Pitt & Brumberg, 2021b). For instance, to lay the foundation for the development of PROMs, a study
by Andresen et al. (2016) identified a range of domains important to
those with physical disability that are not clearly captured by current
tools, including those related to quality of life (i.e., social participation and opportunity, communication, roles, relationships, emotions
and attitudes, environment, and physical health), and assistive technology (i.e., function, design, and support). In addition, they identified topics extremely important to those who may potentially use
BCI-AAC, such as caregiver support, effort, ease of BCI setup, family, and household role. Furthermore, works such as Huggins et al.
(2011) have evaluated the perspectives of those with severe physical impairments regarding outcomes for BCIAAC design, providing
guidelines regarding acceptable levels of accuracy, communication
rate, and setup duration.
Taken together, it may be beneficial to consider the development
of PROMs for both adults and children with complex communication
needs alongside quantitative performance measures for AAC and BCIAAC, such as those related to performance accuracy, communication
rate (Higginbotham et al., 2007; Thompson et al., 2014), and language
use (Hill et al., 2015). These measures may provide crucial directions
for BCI-AAC development and research by shedding new light on factors important to individuals who may use BCI-AAC. Furthermore,
PROM developments may help standardize BCI-AAC procedures (Andresen et al., 2016; Pitt, Brumberg, & Pitt, 2019), empower patients to
be involved in decision making surrounding their care, and elucidate
goals for intervention and future research (Broomfield et al., 2019;
Douglas & Burshnic, 2018).
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Inner Setting
Implementation climate: Compatibility. When considering current
practice for AAC implementation, the Participation Model (Beukelman & Light, 2020; S. Rosenberg & Beukelman, 1987) is a commonly
utilized framework for AAC assessment and treatment planning (Light
& McNaughton, 2015) for which BCI-AAC fits. The model presents a
strengths-focused framework that is based on the principle that all individuals with complex communication needs can enhance their communicative abilities using AAC tools and techniques. Accordingly, the
model includes evaluation of an individual’s participation patterns, as
well as opportunity, capability, and access barriers, along with related
interventions. Opportunity barriers focus on factors that surround the
individual using AAC, such as legislative and regulatory policies, common practice procedures, facilitator skill and knowledge, along with
the attitudes toward individuals with disability, AAC, and participation. Furthermore, capability and access barriers identify elements associated with the individual who may use AAC, such as their current
communication, natural abilities, environment, and cognitive– linguistic, sensory, motor, and literacy capabilities in relation to the operational requirements of the AAC systems. The Participation Model
uses a dynamic process to guide AAC assessment and intervention
that accounts for an individual’s current and anticipated communication needs and preferences (Beukelman & Light, 2020). Therefore,
we propose that multidisciplinary research around the Participation
Model framework can help elucidate the general context for BCI-AAC
implementation in the clinical setting, maximizing the integration of
BCI-AAC strategies in clinical care, and help support individuals with
complex communication needs achieve communicative competence.
Furthermore, beyond the Participation Model framework, the incorporation of various stakeholder perspectives as aforementioned in BCIAAC development may help shed new light on how BCI-AAC can effectively integrate with existing procedures for AAC practice.
Characteristics of the Individuals Involved
Other personal attributes. In relation to AAC, a poor fit among the person’s cognitive and/or physical abilities, their environment, and the
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AAC system increases the likelihood that an individual will abandon
use of their AAC device (Johnson et al., 2006). In a similar manner,
prior implementation research has shown that personal attributes,
such as computer experience, influenced individuals’ acceptance of
microcomputer technology (Frambach & Schillewaert, 2002; Igbaria,
1993). A parallel finding was also identified by Burde and Blankertz
(2006), who found that comfort with technology influenced BCI-AAC
performance. Therefore, when considering the broad range of heterogenous individuals who may potentially benefit from BCI-AAC, it is
important for future BCI-AAC development to reflect on how personcentered factors impact BCI-AAC performance and understand how an
individual’s strengths are best matched to BCI-AAC technology (Saha
et al., 2021). Clinically, AAC professionals often employ a featurematching process (Beukelman & Light, 2020; Pitt & Brumberg, 2018b)
to make clinical decisions regarding one’s best AAC fit by evaluating
the individual’s environment, preferences, and cognitive– linguistic,
sensory, motor, and literacy strengths in relation to AAC techniques.
Feature-matching procedures include evaluating the holistic experience of individuals with impairment during AAC trials (e.g., levels of
fatigue, effort, frustration, and satisfaction) alongside overall performance accuracy, an area that to date has received minimal incorporation into BCI-AAC research (Lorenz et al., 2014; B. Peters et al., 2016;
Pitt & Brumberg, 2021b). For instance, to help individuals with visual
impairments, communication items may require increased color contrast or presentation in the auditory or tactile modality. In a parallel
manner, cognitive–linguistic, sensory, motor, and literacy strengths
may also impact BCIAAC performance (Fried-Oken et al., 2013; Pitt
& Brumberg, 2018b). For instance, like eye gaze access, an individual
with decreased oculomotor (eye) control may benefit from communication items being in areas of the display matching their oculomotor
strengths (Brumberg, Nguyen, et al., 2018). Furthermore, individuals with visual impairments may benefit from BCI-AAC access using auditory stimuli (Käthner et al., 2015). Finally, BCI-AAC methods
may incur a high level of cognitive load during extended use, meaning BCI-AAC techniques are not a one-size-fits-all solution for AAC
(Fager et al., 2019). Beyond intrinsic factors, by assisting with crucial
areas such as device implementation and troubleshooting, the importance of the extrinsic factors, such as the support network available
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in one’s environment, should not be overlooked in facilitating AAC
success. However, while a foundational feature-matching framework
that outlines both intrinsic and extrinsic factors impacting BCIAAC
outcomes is available (Pitt & Brumberg, 2018a, 2018b), how a range
of factors impacts BCI-AAC success for those with severe physical has
not been comprehensively evaluated (Chavarriaga et al., 2017; Saha
et al., 2021).
Therefore, to help ensure an effective match between individuals and the emerging BCI-AAC technology, we believe it is important
to explore how an individual’s preferences, experiences, capabilities,
and environment influence BCI-AAC outcomes. Furthermore, to support the implementation of BCI-AAC assessment in the clinical setting, it is important to develop tools that are tailored for completion
by those with severe physical impairments (Fried-Oken et al., 2013;
B. Peters et al., 2016; Pitt & Brumberg, 2018a). For instance, a recent
screening protocol aiming to guide cognitive–sensory-motor assessment across a range of different BCI-AAC devices was developed by
Pitt and Brumberg (2018a) and was shown to be feasible for completion by those with severe physical impairments via a reliable form of
yes/no responses. Furthermore, foundational tools for assessing the
user experience have recently been implemented for people with physical disabilities (e.g., B. Peters et al., 2016; Pitt & Brumberg, 2021b).
However, though the development of implementation tools for BCIAAC remains in the early stages (Fried-Oken et al., 2013; B. Peters et
al., 2016; Pitt & Brumberg, 2018a, 2021b), we believe this does not
preclude the integration of BCI-AAC assessment procedures into everyday practice to inform their adaptation and development.
The Process of Implementation
Engaging. As individuals’ prior experience and comfort with technology tends to positively affect BCI-AAC performance (Burde &
Blankertz, 2006), as with existing AAC practice, facilitator knowledge and skill in AAC setup and use are crucial to support AAC success (Beukelman & Light, 2020). Supporting facilitator knowledge and
skill may be especially important for BCI-AAC due to technical factors
such as placement of the electrode cap and ensuring a good connection between EEG electrodes and an individual’s scalp (Geronimo &
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Simmons, 2020). Therefore, how to increase individuals’ knowledge,
skill, and comfort with BCI-AAC implementation is likely an integral
step in supporting engagement and clinical implementation of this
technology. To address this issue, recent investigations have begun to
document the feasibility of providing remote support for caregivers
during home-based BCI-AAC implementation (Wolpaw et al., 2018)
along with promising effects of providing BCI-AAC trainings via telemedicine (Geronimo & Simmons, 2020), an especially important consideration during the COVID-19 pandemic. In addition, BCI-AAC tutorials and just-in-time training (JITT) videos will likely be critical to
developing competency with BCI-AAC methodology, empowering clinicians and stakeholders to trial BCI-AAC devices, and ultimately moving
this access method into everyday clinical practice. Ideally, these JITT
tutorials (e.g., Brumberg, Pitt, et al., 2018; Pitt, Brumberg, Burnison,
et al., 2019) will incorporate layman and clinical terms when discussing important BCI-AAC concepts for clinical application, which will
help various AAC professionals to put concepts into context and develop the requisite skills to incorporate BCI-AAC into clinical practice.
JITT may also be used with stakeholder groups as they work to implement the technology at home, with no clinical support. For example, to support BCI-AAC implementation, short and easily accessible
training videos may be produced that outline EEG setup procedures,
steps for device customization, and troubleshooting tips. In all these
instances of training and support, it is also important that feedback
is iteratively solicited from individuals both providing and receiving
the intervention so modifications can be made to facilitate implementation and success (Douglas & Burshnic, 2018; Douglas et al., 2015).

Clinical Implications and Future Directions
This article has focused on supporting BCI-AAC access for adults and
children with severe physical impairments. However, we believe future research should build upon this work to support BCI-AAC development and translation for those with a variety of diagnose. For instance, while research is still in the early stages, noninvasive BCI-AAC
techniques may promote rehabilitation outcomes for individuals with
aphasia (Kleih et al., 2016) and dementia (da Silva-Sauer et al., 2019).
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Therefore, proactively applying implementation research for a broad
range of individuals may further help bolster the real-world impacts
of BCI-AAC technology.
In closing, it is important to consider that multiple barriers to BCIAAC development still exist (e.g., Huggins & Kovacs, 2018) and many
aspects regarding BCI-AAC design must be finalized. Basic science-focused research is crucially required to help overcome these existing
barriers through avenues such as elucidating the neural mechanisms
underlying BCI-AAC control, bolstering accuracy, and decreasing performance variability. Realistic expectations are important for supporting AAC success; thus, it is important that AAC professionals remain
aware of obstacles to BCI-AAC development and have realistic expectations regarding BCI-AAC technology. While continued innovation is
important, we also believe that the field can take steps now toward
considering BCI-AAC research implementation. For example, we must
support basic science to ensure that there are meaningful changes for
those who need it most. We must also examine implementation frameworks that promote research application, engage stakeholders, and
account for the diversity of people who may benefit from BCI-AAC.
Moreover, as BCI-AAC devices move into home trials, we believe that
considering iterative implementation frameworks is timely for helping
navigate obstacles and supporting the smooth and efficient translation
of BCI-AAC technology into practice. Therefore, even though forming
research–clinical partnerships can be difficult (Stevens et al., 2020),
and there are hurdles to performing implementation research (Moir,
2018; Olswang & Prelock, 2015), we believe that combining important engineering and basic science advancements with implementation frameworks such as the CFIR can help ensure that BCI-AAC designs are functional and facilitate collaborations that actively engage
a variety of BCI-AAC stakeholders. We hope that this article provided
helpful guidance that may support multidisciplinary collaborations
and future research aiming to integrate BCI-AAC as a viable AAC access option—sooner, rather than later.

◄►
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